A 5'-terminal region of 1600-l 800 base pairs was amplified, cloned, and sequenced in the large subunit rDNA (LSU rDNA) of four species of foraminifera. These sequences were compared with the homologous regions of 16 eukaryotic taxa in order to establish the phylogenetic position of foraminifera.
Introduction
Phylogenetic analysis of ribosomal RNA sequences brought an important contribution to our understanding of the early evolution of eukaryotes and particularly of the phylogenetic relationships between the major groups of protists. The high molecular diversity of unicellular eukaryotes has been emphasized by studies of both the small (SSU) and large (LSU) subunits of ribosomal RNA Baroin et al. 1988; Perasso et al. 1989; Schlegel 199 1) . Sequence analysis has brought a reevaluation of the origin of several protistan groups and confirmed the distinction of two new supraphyletic groups: the Alveolates and the Stramenopiles (Heterokonta) based on ultrastructural study (Cavalier-Smith 199 1; Patterson and Sogin 1993) . However, the phylogenetic position of many other protists, including amoebas, foraminifera, and other "rhizopods," is still basically unknown.
Eukaryotic phylogenetic trees inferred from SSU rRNA suggest that eukaryotes with mitochondria evolved from ancestral organisms that lacked these organelles (Vossbrinck et al. 1987 , Sogin et al. 1989 . The evolution of mitochondrial eukaryotes is viewed as a series of independent protistan branchings that precede the nearly simultaneous separation of the five major eukaryotic assemblages: animals, fungi, plants, alveolates, and stramenopiles, described as the "crown" of the riKey words: Foraminifera, molecular phylogeny, ribosomal RNA, LSU = large subunit, SSU = small subunit.
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0737-40381941 I 106-00 I 1$02.00 bosomal eukaryotic tree (Sogin 199 1; Wainright et al. 1993) . Little is known about the phylogenetic relationships of the lineages branching below the crown, in the middle part of the ribosomal tree. The LSU rRNA phylogenetic trees of eukaryotes are mostly based on the analysis of short fragments (400 bp) of the molecule obtained by reverse transcriptase sequencing (Baroin et al. 1988; Qu et al. 1988; Perasso et al. 1989; Christen et al. 199 1) . The phylogeny discussed in this article is based on the analysis of a 1,600-bp region of the LSU rDNA.
The importance of foraminifera in paleontological research and their applications to oil exploration and production largely contributed to the development of our knowledge of these marine micro-organisms (Haynes 198 1) . About 40,000 species of foraminifera, including perhaps 80% of fossilized forms, have been described (Corliss 1984) , constituting one of the largest groups among the unicellular eukaryotes with probably the best known fossil record. Yet very little is known about their phylogenetic origins. Modern taxonomy includes foraminifera into the class Granuloreticulosea, belonging to the assemblage of Rhizopoda (Lee et al. 1985) , or classifies them separately in a phylum Granuloreticulosa (Margulis et al. 1989 ) or Reticulosa (Cavalier-Smith 1993 . Foraminifera are one of the last major group of eukaryotes for which no rDNA sequences have been published yet (Schlegel 199 1) . The difficulties to maintain and reproduce foraminifera in laboratory cultures, specially in axenic conditions (Anderson et al. 199 1) make the molecular study of these protists very challenging (Langer et al. 1992; Wray et al. 1992) . In particular, the use of amplification-based techniques using broad specificity primers is hindered by the impossibility 
Material and Methods
Cell Collection, Preparation, and Identification
To extract foraminiferal DNA for amplification, the cells were ground in a buffer containing 50 mM of
DNA Amplification and Cloning
Tris buffer, pH 8.6, 2 mM of EDTA, 0.1 % of Triton x-100, and 0.5 % of Na deoxycholate, then incubated for 1 h at 60°C in the same buffer. Insoluble material was removed by centrifugation.
In several cases, this preparation inhibited the activity of Taq polymerase, and DNA purification by CTAB precipitation (Clark 1992 ) was necessary to achieve amplification.
DNA amplification (Saiki et al. 1988 ) was performed in standard conditions:
30-35 cycles with 50 pM of each primer, 1.5 mM MgC&, 50 mM of KCl, 2.5 units of Taq polymerase (Cetus), and 1 ~1 of DNA preparation per 504 reaction. PCR-amplified products were A-T cloned (Marchuk et al. 1991) imens were isolated immediately after being transferred to the laboratory. About 2,000 specimens were prepared for RNA extractions, and about 100-200 specimens for the DNA extractions. The specimens were individually cleaned by brushing under the dissecting microscope and washed in several baths of sterile sea water. Most of the associated micro-organisms, except bacteria, are eliminated in this way (Anderson et al. 1991 ogous eukaryotic genes using the MASE multiple alignment editor program (Faulkner and Jurka 1988) in order to fit all sequences in the universal secondary structure Sequence Analysis model of LSU rRNA of Leffers et al. (1987) . The alignment of complete LSU rRNA sequences of Gutell et al.
The partial LSU rDNA sequences of Gromia and (1993) was used for comparing the phylogenetic trees derived from partial and complete sequences. Giardia four species of foraminifera were aligned to 15 homolardea and Giardia intestinalis sequences were manually added to this alignment from which 1,568 reliably aligned sites were selected for phylogenetic analysis.
RNA Extraction and Sequencing
Washed, pelleted foraminifera were resuspended in water and transferred to a Potter grinder. Guanidinium isothiocyanate, phenol, and chloroform were added (Chomczynski and Sacchi 1987) , and the tests were ground for 10' at 60°C. Test debris were pelleted while the solution was still hot, then total RNA extraction, as described by Chomczynski and Sacchi, was performed on the supernatant.
In most cases, the final preparation inhibited the activity of reverse transcriptase, and an additional precipitation of the RNA in 3 M Na acetate pH 6 was required before sequencing.
Total RNA was sequenced with specific LSU rRNA primers and reverse transcriptase.
Many sequencing ambiguities were resolved by adding nucleotidyl terminal transferase to the termination reaction (DeBorde et al. 1986 ).
Evolutionary distances were computed according to Kimura's (1980) method of correction for multiple hits and unequal rates of transitions and transversions. Gap-containing sites were removed from all sequences. Phylogenetic trees were built with the neighbor-joining (NJ) method (Saitou and Nei, 1987) and with the fastDNAm1 maximum-likelihood method (Felsenstein RNA Hybridizations and Olsen 1992 of internal branch lengths for the five-taxon tree.
Phylogenetic Position of Foraminifera 933 loops) predicted by the model of Leffers et al. (1987) are found in the four foraminiferan sequences (see fig. 4 
legend).
Evolutionary relationships between foraminifera and the other organisms were inferred by the neighborjoining and maximum-likelihood methods. Evolutionary distances were corrected for multiple hits and unequal rates of transitions and transversions with Kimura's ( 1980) two-parameter method. The resulting neighbor-joining phylogenetic tree is presented in figure  5 . This tree appears to have the same global structure (with the addition of foraminifera and Gromia) as trees derived from analyses of SSU rRNA sequences (Sogin 199 (Sulfolobus, Methanococcus) used as outgroups were also analyzed by the same method using the alignment of Gutell et al. ( 1993) . The resulting phylogenetic tree (data not shown) has exactly the same branching pattern as that of figure 5 except for details within the tree "crown," which is a poorly resolved part of the tree. Therefore, the number of sites used here does not seem to bias the overall picture of eukaryotic phylogeny as compared to what is obtained by using complete LSU rRNA sequences. The archebacterial outgroup also unambiguously indicates that the root of the tree is on the branch leading to Giardia sequences.
The tree of figure 5 differs from trees derived from SSU rRNA analyses (see, e.g., Sogin 199 1) in two main points. First, Prorocentrum 's position next to Arabidopsis is unexpected.
Indeed this placement, statistically uncertain according to bootstrap scores (see below), is not confirmed on the tree obtained from complete LSU sequences where Prorocentrum is clustered with the ciliate Tetrahymena in agreement with SSU analyses. Second, Euglena is not placed in a clade with kinetoplastid protozoans (Trypanosoma, Crithidia) . This difference with SSU-based trees is, however, confirmed by the complete LSU-based analysis.
Maximum-likelihood analysis of the same data yields a tree (not shown) that differs from the NJ tree of figure 5 only in its ill-resolved parts (see bootstrap analysis below). Arabidopsis is placed out of an animal-fungiciliate-dinoflagellate cluster; Prorocentrum is clustered with Tetrahymena; Euglena' s and kinetoplastids' positions are exchanged. Thus NJ and maximum-likelihood analyses give an identical evolutionary position for foraminifers. Parsimony analysis of these sequences yields a very unexpected tree in which Dictyostelium is placed next to Procentrum within the animal-plant-fungi radiation. The number of available sites is probably too low for parsimony not to be confused by the unequal rates of evolution that occur here (see fig. 5 ).
Foraminiferal sequences (Ammonia tepida, Rosalina vilardeboana, Glabratella erecta, and Trochammina sp.) are located in the middle of the tree of figure   5 , that is, at an evolutionary depth similar to that of slime molds Physarum, Dydimium, and Dictyostelium.
A bootstrap analysis was performed to evaluate the accuracy of the branchings. The scores are quite low, so that the relative positions of foraminifera and slime molds cannot be ascertained. However, it is possible to study the position of foraminifera relative to both the deepest branches and the crown of the eukaryotic evolutionary tree. This is done in figure 6 , in which Ammonia is analyzed together with Crithidia and Giardia ardeae on the one side and Tetrahymena and Prorocentrum on the other. This tree, obtained by the neighborjoining method, can be unambiguously rooted on the branch leading to Giardia, as shown above. The standard deviations of the internal branch lengths were computed by the method of Li (1989) . According to this method, an internal branch having a length greater than twice its standard deviation is taken to be statistically significant.
Thus, Ammonia appears to be demonstrably less deeply diverged than Crithidia (internal branch length 0.030 + 0.0 12 subst/site). The internal branch that separates
Ammonia from the tree crown is also significant (0.027 * 0.010 subst/site), which indicates that the lineage leading to foraminifera probably diverged before the large evolutionary radiation represented by the tree crown.
Discussion
The phylogenetic position of foraminifera inferred from the LSU rDNA sequences is in partial agreement with the classical systematics of Protista, which groups them with slime molds in a supraphyletic assemblage of "rhizopods" or "rhizopod sarcodinids" (Corliss 1984; Puytorac et al. 1987) . Other protists included in this assemblage are the naked amoebas (Lobosea), the testate amoebas (Testacea), and the filopods (Filosea) (Lee et al. 1985) . Some of these organisms, as Entamoeba histolytica and some Vahlkampfiidae, branch close to the slime molds on the evolutionary tree inferred from SSU rRNA sequences (Leipe et al. 1993; Hinkle and Sogin 1993) . However, other naked amoebas, Amoeba proteus (Baroin et al. 1988; Christen et al. 199 1) and Acanthamoeba castellanii , as well as GGACTATAGCTCTAATAGTT  TGGTTGGTGGTAATGACACA  TCAAAGGCTAAATATTGGT---TAG'TCGATGCATATTGCG  GAGACCGATAGCATAC-AAG  GGACTACAGCTCAAATTGTT  TGG-TGGTGGTAATGACACA  TCAAAGGCTAAATAATGGTG  TTTAATCACAACATGCAATG  GAAACCGATAGCAAAC-AAG  GGACTACAGCTCAAATTGTT  TGG-TGGTGGTAATGACACA  TCAAAGGCTAAATATTGGTG  TTTTATA--CGATTGSAACG  GAGACCGATAGCAAAC-AAG  GGACTACAGCTCAAATAGAT  TGG-TGGTGGTMTGACACA  TCAAAGGCTAAATATTGGTG  ' , b, c+d, e, f; g, h, i, j, k, 1, wz, n, o, p+q, r+s, t, u+v+w, x, y, z+# correspond to helices labeled 11, 12, 13, 14, 20, 21, 22, 23, 24, 27, 28, 29, 32, 33, 34, 35, 37, 38, 39, 40, and 43 , respectively, on the secondary structure model of Leffers et al. (1987) .
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the filopod Gromia oviformis (present data) branch in the position of Dictyostelium deduced from rDNA has the crown of the tree. That confirms that the assemblage been challenged by phylogenies constructed from the of rhizopods is polyphyletic, as suggested by several auamino acid sequences of several proteins (Loomis and thors (Bovee and Jahn 1973; Clark and Cross 1988; Smith 1990; Hasegawa et al. 1993 suggested that the position of Dictyostelium in rDNA trees is biased by a large (A+T)/(G+C) ratio in total genomic DNA. However, Leipe et al. (1993) have shown that the G+C content in the aligned positions of the SSU rRNA of Dictyostelium, about 45%, is similar to that of other organisms, except Giardia. The G+C content of the four examined foraminifera varies from 47.8% to 48.6%. Therefore the inferred evolutionary position of foraminifera is not likely to be biased by G+C content effects.
Based on the phylogenetic tree of figure 5 , the foraminiferal lineage originated before the separation of the major eukaryotic lineages, that is, more than 800-1,000 Myr ago according to some authors (Sogin 199 1; Conway Morris 1993) . The oldest fossil foraminifera, with agglutinated walls and simple tubular tests, have been found in the early Cambrian; about 560 Myr ago (Culver 199 1) . Their appearance was related to the origin of skeletization at the beginning of the Phanerozoic (Stearn and Carroll 1989) . The earliest foraminifera are supposed to have evolved from some ancestral forms with organic membranous tests, similar to those of recent Allogromiina (Tappan and Loeblich 1988) . This group, however, is almost completely absent from the fossil record, because of poor preservation of the organic test. Our data indirectly confirm that some unfossilized "naked" foraminiferal ancestors have existed long before the earliest testate forms appeared.
The increasing complexity of the formation of foraminiferal test walls is classically regarded as a major trend in foraminiferal macroevolution (Hansen 1979) . Calcareous perforate foraminifera are thus thought to have evolved from a common agglutinated ancestor (Grigelis 1978) . Our molecular data imply, with a 92% confidence bootstrap value, that an agglutinated species "Trochammina" sp. is placed within the radiation of the three other species, all of which are calcareous. This suggests either that calcareous tests emerged independently in several instances or that our Trochammina' s wall results from secondary loss of the ability to secrete a mineralized test. Whatever the result of further molecular studies (under way in our laboratory), the priority given to wall structure in the systematics of foraminifera will have to be revalued.
The early origin of foraminifera contrasts with several highly evolved characters that these organisms possess: sophisticated architecture of the tests, complex sexual life cycles, and presence of endosymbionts. In particular, some species of foraminifera are remarkable for the complexity of their life cycles, characterized by regular alternation of sexual, haploid and asexual, diploid generations (Pawlowski and Lee 1992) . Most early eukaryotic lineages of ribosomal RNA phylogenies are effectively asexual organisms; only some species of plasmodial slime molds (e.g., Physarum) show an alternation of haploid and diploid generations analogous to what is found in foraminifera (Margulis and Schwartz 1988) . Emergence of sexual reproduction has therefore been considered as a possible trigger for explosive eukaryotic diversification (Knoll 1992) . The phylogenetic position of foraminifera suggests either that meiosis appeared much before the eukaryotic radiation at the tree crown or that meiosis is polyphyletic as suggested by Raikov (1982) . Giardia ardeae FIG. 6 .-Five-taxon phylogenetic tree computed by the neighborjoining method. The standard deviations of the internal branches lengths were computed by the method of Li ( 1989) . Branches are drawn proportional to their length expressed in substitutions/site.
The branch leading to Giardia was arbitrarily divided into two sections.
